The European eel stock has declined significantly since the 1980s, and the Eel Recovery Plan of the European Commission requires Member States to develop river basin Eel Management Plans (EMPs) that will achieve an escapement of silver eels that equals or exceeds 40% of the escapement biomass that would be produced in the absence of human activities. However, because silver eel escapement is not quantified within the UK, a modelling approach is required to estimate potential and actual escapement, and to assess the likely effects of management measures. We focus on two approaches developed in the UK, the Reference Condition Model (RCM) and the Scenario-based Model for Eel Populations (SMEP), and illustrate how such approaches can be used in EMPs using selected data from the River Severn. The RCM results indicate that the yellow eel population in the River Severn basin may be just 30-40% of the potential density indicated by reference conditions derived from a selection of rivers between the late 1970s and the early 1980s. The challenges of applying a model designed to be as realistic of eel production as possible, and the limited data on natural eel habitat and eel production in the Severn, preclude a SMEP analysis similar to that of the RCM, but simulations based on a simplified basin description and eel survey data from the early 1980s illustrate the potential of this model to assess compliance and test management scenarios.
Introduction
Recent recruitment of the glass eel stage of the European eel (Anguilla anguilla) has fallen on average to ,5% of the peak levels of the late 1970s and early 1980s (measured Europe-wide) (Dekker et al., 2007) , and ICES continues to advise that the stock is outside safe biological limits and that current fisheries are not sustainable (ICES, 2006) . As a consequence, the European Commission has agreed an Eel Recovery Plan (ERP), the aim of which is to return the European eel stock to sustainable levels of adult abundance and glass eel recruitment.
The most recent molecular genetic evidence supports the hypothesis of a single panmictic eel stock within European waters (Dannewitz et al., 2005) . Therefore, each Member State is expected to establish Eel Management Plans (EMPs) by which to achieve an escapement of silver eel biomass that equals or exceeds 40% of the potential escapement that would be produced in the absence of anthropogenic influences affecting the fishing area or the stock. It is anticipated that the EMPs will be developed at the River Basin District (RBD) level. Consequently, Member States are required to (i) set management targets based on an assessment of potential silver eel production for each RBD, (ii) assess the present day silver eel production in relation to this target (i.e. assess compliance), (iii) take the management actions
Material and methods

The River Severn and its eel population
The River Severn basin ($10 000 km 2 ) drains a large part of the English Midlands, which include large urban centres, and mid-Wales, which is predominantly rural in character. The main river flows 350 km to its estuary downstream of Gloucester, where it widens into the Bristol Channel (Figure 1 ). The funnel shape of the estuary, the high tidal range (13.2 m mean spring) and its southwesterly orientation all combine to promote strong recruitment of glass eels (Bark et al., 2007) .
Eel migration through the basin is hindered by major weirs upstream from a weir at the tidal limit, and in many tributaries by old mills (White and Knights, 1997) . The river has also been managed extensively to control flooding, particularly in the lower and tidal reaches where low-lying land has been reclaimed for agriculture, and flood-control tidal flaps constructed since the 1950s in the marshes and creeks bordering the estuary may have reduced access for young eels.
The Severn estuary supports the largest fishery for glass eels in the UK, with 402 licensed dipnets operating in 2005. Although catch data are not available for the Severn estuary alone, it is assumed that the trend in catch per unit effort (cpue) for UK glass eel catches reflects the trend for the fishery in the Severn estuary. UK annual catches of glass eels/elvers over the past three decades have varied greatly (4 -100 t year
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: Peter Wood, UK Glass Eels, pers. comm.), but according to government agency estimates and catch returns, they have declined by around 85% since the 1980s. The declared catch for the River Severn in 2005 was 500 kg of glass eels. However, the catch data for all life stages of eels declared to the UK Environment Agency are unreliable (Knights et al., 2001) . In recent years, HM Customs and Excise net export data suggest that the declared glass eel catch has been under-reported by a factor of between 3.4 and $15 times, and that the true annual catch of glass eel is in the region of 10 t (ICES, 2006) . Similarly, although the declared catches of yellow and silver eels in the Severn in 2005 were 1125 and 120 kg, respectively, from 121 licensed instruments, it is estimated that official catch returns underestimate the true combined catch of yellow and silver eel by a factor of 2.4 -7.2 times (2002 -2004 ICES, 2006) .
Comparison of eel-specific survey data from tributaries joining the lower Severn, downstream of Worcester (Figure 1) , undertaken in the early 1980s (Aprahamian, 1986 (Aprahamian, , 1988 , late 1990s (Knights et al., 2001) , and from 2002 to 2004 (Bark et al., 2007) suggest no significant changes in the eel population in terms of their distribution, mean density, or mean biomass, nor in size structure (Aprahamian, 2000; Bark et al., 2007) . No time-series data are available for the eel population in the middle or upper parts of the basin.
Reference Condition Model
For rivers in England and Wales, eel density declines with distance from tidal influence in a systematic manner (Knights et al., 2001) , and an exponential model of the form
where y is the density of eels (per 100 m 2 ), x the distance upstream of the tidal influence (km), a the density of eels (per 100 m 2 ) at the tidal influence (i.e. when x = 0), and b the instantaneous rate of decline (per km), can be used to model the relationship between eel density and distance upstream from tidal influence (Ibbotson et al., 2002) .
Data on the instantaneous rate of decline of eel density with distance from tidal influence were available for 12 basins in England and Wales (see Figure 1 , data from Knights et al., 2001; Ibbotson et al., 2002) . Values varied from 0.24 for the River Plym (Devon) to 0.02 for the River Dee, Wales (Figure 2) . Applying models of eel production and escapement to the River Severn This between-river variation was examined in relation to several basin-scale descriptors (gradient, discharge, area, presence of obstructions or lakes, and land-use types), and the mean gradient from source to estuary explained the greatest extent of the variation (r 2 = 0.55). The relationship between the instantaneous rate of decline (b) and the gradient (g) (Figure 3 ) can be described by
where c (per km) is the hypothetical instantaneous rate of density decline with no gradient (i.e. g = 0), and h a constant. For the data analysed, c = 0.0284 (+0.0058) and h = 96.73 (+55.44). Most of the data on eel density originate from surveys undertaken in the late 1970s and early 1980s, before the resident UK eel populations would have been affected significantly by the decline in glass eel recruitment from the early 1980s (ICES, 2006) . Therefore, the decline [Equation (2)] can be used to predict the rate of decline of eel density with distance upstream for comparable basins, and to set a reference condition against which to compare current stocks. However, the reference dataset reflects the influences of exploitation and other anthropogenic influences acting on eel production in the late 1970s and early 1980s, and particularly the likely effects of barriers to migration and poor water quality. Therefore, the contemporary stock level does not represent pristine conditions; that is why we use the term reference condition to refer to this baseline period (as required by the EU Regulation).
Given observations on the rate of decline in eel density in a given year, we can assess the status of the yellow eel population at that time against that of the potential stock under the reference condition. To do so, we compare the observed rate with the rate predicted by the model under reference conditions [Equation (2)]. This assessment does not take account of the relative amount of eel habitat actually available at various distances from tidal influence, but a weighting can be applied to address this limitation. The observed and predicted densities are determined for each river distance class (0-10, 11 -15, 16 -20, 21 -25, 26 -40, 41 -60, 61 -75, 76 -90 km) , with values based on the distance from the tidal influence to the midpoint of each class, then summed over all distance classes. The proportion of observed to predicted gives the relative compliance (S. Barnard, pers. comm.) as:
where D is the proportion of the reference stock level, a x the length of channel (km) in river distance class x of a total of i river distance classes, b x the observed density of eels in river distance class x, and d x the predicted density of eels in river distance class x under reference conditions [from Equation (1)]. As the RCM is based on density, further developments are required to meet the need to set escapement targets on biomass. It does provide, though, a simple approach to assessing yellow eel population density, and its data requirements are relative small. However, its simplicity comes at a price, because it can only provide a proxy indicator to silver eel escapement and cannot be used to simulate the effects of management measures or compare their relative contributions to eel enhancement. Assessment of silver eel escapement based on yellow eel production and the testing of management scenarios are goals of the SMEP development programme (see below).
Scenario-based Model for Eel Populations
The SMEP was developed for the UK's Defra, and further development is being supported by the Environment Agency. It is a much more complex model than RCM, and it was developed to provide a tool that can trace the dynamics of the species. To do so, it includes features that are not often included in population dynamics models applied to many other species (e.g. densitydependence at older ages, spatially disaggregated simulation of dynamics), all of which, however, might be of importance in the description of an eel's life cycle. The SMEP uses an age-and length-structured population dynamics model to simulate the estuarine/fresh-water phase of eel production in the UK. It is applied at a basin scale, and can incorporate both the biological characteristics of eel production (e.g. growth, natural mortality, sexual differentiation, maturation, and migration) and a number of potential anthropogenic influences (e.g. habitat quality, fishing, barriers, and stocking). The basin is defined as a series of adjoining reaches, with the productive area of each reach defined separately. The population is modelled as sexually undifferentiated eels, male and female yellow eels, and male and female silver eels. The model requires parameter values to describe the processes of growth, natural mortality, and maturation, along with values to describe the length-weight relationship and other forms of mortality. Such information is normally required to apply an age/length-structured model to simulate the dynamics of a population (Quinn and Deriso, 1999) . However, modelling an eel's life cycle can become more complex if one needs to simulate features like the effects of density on processes such as sex differentiation, maturation, and movement. To capture those features, the SMEP also requires an indicator of the biomass of eels at which density-dependent effects are observed (after De Leo and Gatto, 1996; Feunteun et al., 2003; Acou et al., 2005; Davey and Jellyman, 2005) . Moreover, because so little is known about the relationship between spawning stock and recruitment, the description of eel dynamics requires less conventional approaches (i.e. stock -recruitment relationships) than those applied to many other species for which information on the full life cycle is available. In this case, information on recruitment has to be derived from sources other than the size of the spawning stock, and is provided as an input, both quantitatively in terms of the maximum numbers of recruits, and qualitatively as trends in recruitment variation.
The SMEP allows a user to specify the structure of the population at the beginning of the calculations (e.g. based on survey data characterizing the status of the population) or only to provide annual recruitment values and to calculate the population under equilibrium. The model offers a range of outputs describing eel production per stage and per reach, including density, biomass, length frequency distributions, and sex ratios.
The increase in realism in the simulation of population dynamics that SMEP offers does come at a cost in terms of data requirements (high), increased uncertainty, and the need to translate knowledge into quantitative formulae. Here, we apply this version of the SMEP to eel population data from the early 1980s for a subset of tributaries in the Severn basin, to demonstrate the challenges and limitations faced when applying such a model to practical questions.
The reaches defined for the SMEP simulation are illustrated in Figure 4 , and were selected to reflect areas of similar habitat type and the availability of suitable eel survey data. Reach wetted area is the product of length and mean width: length was expressed as the total stream length for all watercourses within the reach zone, and mean width was estimated either from survey site data or measurements from digital maps. The parameter values used to describe the biological processes are presented in Table 1 , and were derived from data collected for the Severn or other eel populations from England and Wales, or taken from the literature, as described briefly later.
The reference biomass, the saturation level for densitydependent effects, was set at 26 g m 22 , because this was the maximum biomass of yellow eels reported for lower Severn tributaries in 1983 and 1984 (Aprahamian, 2000) . We derived von Bertalanffy growth coefficients for male and female eels, using Ford -Walford plots, from length-at-age data for yellow and silver eels collected from the Severn during 1983 and 1984 (Aprahamian, 1988) . Although the model allows a user to define separate growth curves for eels at densities close to and far below saturation levels, no such data were available for eels in the Severn. Therefore, the simulations presented here do not take account of the possible influence of density-dependence on growth rates.
No information has been published on length-at-sex differentiation (L diff ) of eels in the River Severn. However, our analysis of data held by the Environment Agency for Severn eels from 1983 and 1984 revealed that the minimum length class at which the proportion of differentiated eels exceeded 0.5 was 270 mm (10 mm intervals). We applied a value for L diff of 250 mm here, based on the 50-mm length class boundary used by the current parameterization of the model. The influence of densitydependence on sex differentiation was represented by a linear, negative relationship between density and the proportion of females, and was based on the proportions of female eels produced in French and Spanish river populations of relatively high and low densities (Lobó n-Cervía et al., 1995; Acou et al., in press).
Natural mortality was modelled as a Weibull distribution, with a gamma value of 0.2 that produces a length-based probability distribution for mortality similar in form to the inverse of annual survival of Commachio eels as a function of age (De Leo and Gatto, 1995) , but here reflecting the assumption that mortality rate decreases exponentially with an increase in length (De Leo and Gatto, 1996) . As with growth, density-dependent effects on mortality can be incorporated in the SMEP, but in the absence of data describing this relationship, such effects were not simulated in the models presented here.
Maturation, or the transformation from the yellow to the silver eel stage, can be simulated by the SMEP separately for males and females, according to a logistic model based on fish length, allowing for an increasing probability that a yellow eel will mature with increasing length (De Leo and Gatto, 1995) . Appropriate probability distributions for the Severn eel male and female populations are not available. For this reason, we simplified the simulation by assuming a stepwise maturation process, with threshold lengths-at-maturation set according to the mean lengths of male and female silver eels (322 and 458 mm), which we derived from Environment Agency data for Severn eels sampled in 1983 and 1984.
A migration rate for undifferentiated and yellow eels of 30 km year 21 was applied, based on estimates for the Severn eel population (Aprahamian, 1988) . It was assumed that undifferentiated eels would tend to disperse upstream, given both the natural diffusive upstream dispersal and density-dependent migration elements proposed by Ibbotson et al. (2002) and Feunteun et al. (2003) , but that differentiated yellow eels might move in either direction, though tending more towards dispersal upstream. We were unable to find any source-to-estuary measures of downstream migration rates for silver eels in the scientific literature, but tracking over a few days of actively migrating silver eels in the River Mosel, Germany, indicated average speeds of 0.3 -1.2 m s 21 (Behrmann-Godel and Eckmann, 2003) . At that speed, unhindered downstream-migrating silver eels in the Severn basin would be expected to reach the estuary within a maximum of 25 d. In its current form, the model cannot simulate such rapid movements because it uses a 3-month time-step and only allows eels to move one reach per time-step. Consequently, in our parameterization, silver eels from the most upstream reach will not emigrate from the system until the year after they mature. There is some biological precedence for using such a timedelay, however, because Feunteun et al. (2000) estimated that just 20% of silver eels sampled within 15 km of the tidal influence in the River Fremur, France, emigrated in the same year as they matured.
Sensitivity analyses
It is apparent from the above that application of the SMEP is only possible with the use of a number of assumptions about eelproduction processes for which our understanding is limited. For example, density-dependence could influence different aspects of the biology and behaviour of eels, but there is limited information from which to derive appropriate formulae. Similarly, the level of settlement of elvers is a key process in determining the number of eels that support the population of yellow and silver eels described by the model, but limited knowledge is available to describe that process quantitatively. A way to gain an insight into how important it is to increase the accuracy in the description of those processes is to vary model parameters or assumptions and to examine the sensitivity of the model outputs to the variations. For this reason, we have conducted sensitivity analyses focusing on those two processes. Starting from a basin with no eels, we conducted simulations either varying the levels of settlement of elvers or the reference biomass for densitydependence to test the effects of the processes on modelled silver eel production. These sensitivity runs are just a small contribution to the exploratory analysis that would be required to cover all aspects of uncertainty in the SMEP. However, they do provide a flavour of the work required if we were to adopt the use of a model such as SMEP to provide management advice for eels.
Management scenario testing
The initial population for simulations to demonstrate the effects of management scenarios was based on descriptions of yellow eel populations in tributaries of reaches 1 -3 in 1983: few or no data were available on eel populations in tributaries of reaches 4 and 5 then. Mean density, proportion of females, and length-frequency distribution were derived for each reach from data pooled for survey sites within tributaries, and weighted according to the relative wetted surface area of each tributary compared with the total wetted area of the reach.
In the absence of quantitative data on recruitment to the Severn eel population, as is the case for all UK eel populations, we had to make assumptions about annual recruitment. The default assumption was that the recruitment remains constant in all years of the calculations. The quantity of elver settlement was then chosen such that it would result in the same number of silver eels as that which the model predicted would have been produced in 1 year by the yellow eel population of reaches 1-3 in 1983 (see below). Forward projections were conducted from the baseline 1983 population using the recruitment level derived above, assuming either (i) no change in recruitment of elvers to the Severn from the 1980s to now, as suggested by various authors (Aprahamian, 2000; Knights et al., 2001; Bark et al., 2007) , or (ii) an 85% decline in recruitment over 20 years based on the trend in UK government agency estimates and catch returns on glass eels (ICES, 2006) . In the absence of significant fisheries exploitation limiting eel production in a basin, and given the relatively low level of glass eel recruitment and the likely enormous expense and extended time-scale associated with mitigating the impacts of barriers to eel migration, stocking may be one of the most effective methods to increase silver eel production in the medium term (5-15 years). Therefore, we used the SMEP to simulate the effects of annual stocking with 500 000 elvers in reaches 2 or 4 over a further period of 20 years. Those two reaches were chosen to illustrate the relative effects of stocking in more downstream areas with higher densities of eel vs. areas farther upstream in the basin, where the density of eel was expected to be lower.
Results
RCM: setting targets and assessing compliance
The gradient of the Severn catchment from tide to source (Ordnance Survey map data) is 0.0022, and from Equation (2), the predicted rate of decline in eel density was 0.035 (95% CL: 0.0311, 0.0396) eels km -1 ( Figure 5 ). By comparison, the observed rate of decline based on eel-specific surveys from tributaries throughout the basin in 1983 and 1984 was 0.086 eels km -1 (Aprahamian, 1986 (Aprahamian, , 1988 . Therefore, the RCM model predicts that the Severn eel population in the early 1980s declined faster with distance from the tidal influence than would be expected under the reference condition. Comparison of the observed situation with that estimated under reference conditions ( Figure 5 : area under the curve) suggests that yellow eel production from the Severn represented about 41% (95% CL: 35.4%, 46.2%) of potential production in density terms under reference conditions.
Given that catch data/abundance indices suggest no significant change in the yellow eel population of the lower to middle parts of the catchment from the early 1980s to today (Aprahamian, 1986 (Aprahamian, , 1988 Knights et al., 2001; Bark et al., 2007) , and assuming that the density of settled eels at the tidal limit has remained constant (152 eels 100 m -2 ; after Ibbotson et al., 2002) , and that there has been no change in the productive potential of the habitat, several authors (Aprahamian, 1986 (Aprahamian, , 1988 Knights et al., 2001; Bark et al., 2007) have suggested that yellow eel production in the River Severn today is similar to that in the early 1980s. If their belief is correct, and if the relative production estimate of the RCM is weighted according to the amount of habitat available to eels at various distances from the tidal limit [Equation (3)], then present output is estimated at 34% (95% CL: 28%, 40%) of the reference condition derived from the 12 rivers.
Scenario-based Model for Eel Populations Sensitivity analyses
The simulated relationship between the number of settled elvers (recruitment) and the absolute and relative production of male and female silver eels is illustrated in Figure 6 . Female production increases rapidly between settlement levels from 10 3 to 10 7 , but shows little further increase, to 10 10 , and declines rapidly at greater levels of settlement, because density-dependent effects on sexual differentiation produce an all-male population. Similarly, density-dependence limits the production of male silver eels at lesser levels of settlement, leading to female-dominated production. The sex ratio reaches unity at around 6 Â 10 6 . The assumption used for this calculation was that density-dependence influences sex differentiation, but does not impose limits on the maximum number of eels, leading to a continuous increase in male silver eel production, as shown in Figure 6 . Although this is a simplification, the assumption is not expected to affect the predictions as long as the population size remains small, which is appropriate for present-day populations but may not be appropriate for simulating populations under historical, reference conditions of greater recruitment, as required by the Recovery Plan.
The effect of varying the relative influence of densitydependence on production of silver eels is illustrated in Figure 7 as the numbers of male and female silver eels produced by a population under stable equilibrium conditions with fixed annual settlement (6 Â 10 6 ), but with saturation biomass ranging from 6.5 to 104 g m -2
. As expected, males dominate the silver eel population when the saturation biomass is low, whereas females dominate at higher levels of saturation. However, the total number of silver eels varies little across the range of saturation levels because, under the current SMEP parameterization, densitydependence acts primarily on sexual differentiation.
Comparison of the distributions of undifferentiated and differentiated yellow eels across the five reaches in the basin at different levels of settlement illustrates the importance of densitydependence in dispersing eels upstream through the basin (in the model). Even after 50 years, undifferentiated and differentiated yellow eels are limited to the first two and three reaches, respectively, at an annual settlement of 10 6 elvers and a saturation biomass of 26 g m -2
, and the basin is not fully utilized by eels until settlement exceeds 10 7 elvers (Figure 8) . Clearly, the current parameterization of yellow eel migration in the SMEP does not represent reality particularly well, because observations indicate a more widespread distribution of eels than suggested by the model.
Scenario testing
According to the SMEP, a stable equilibrium settlement level of 9 million elvers year 21 would result in annual silver eel production Relative production (numbers) of male, female, and all silver eels under conditions of stable equilibrium, simulated by the SMEP for a fixed elver settlement of 6 Â 10 6 but varying levels of saturation biomass. Figure 8 . SMEP simulations of the progressive, upstream dispersal over time of (a) undifferentiated, and (b) differentiated yellow eels through reaches 1-5 in the study basin under levels of annual elver settlement varying from 10 5 to 10 8 . similar to that estimated by the SMEP for 1984 from the yellow eel population in reaches 1 -3, based on the survey data from 1983. Therefore, the model was run starting with the data on yellow eels from the 1983 survey, and the population was projected forward assuming a stable settlement level of 9 million elvers. Silver eel production declined rapidly after the first year and for the next 4 years of the simulation, before increasing again to reach .98% of equilibrium output by year 20 (Figure 9a ). This trend suggests that the younger eel component in the population at the start of the simulation was not sufficiently numerous to sustain the predicted level of silver eel production in 1984, or put another way, that settlement had declined in the period before the first year of the simulation, i.e. 1983. Nevertheless, we use this level of silver eel production as the baseline against which to compare the effects of a decreasing trend in settlement and/or subsequent stocking scenarios. Assuming a fixed quantity of elver settlement of 9 million "per annum" over the 40 years, silver eel production stabilizes around year 20 and reaches $62 000 eels, 29% of which are female (Figure 9a ). In contrast, applying a decline in settlement to 15% over the first 20 years reduces annual silver eel production by almost 50%, and it is female-dominated from year 17 on (Figure 9b ). Maintaining the lesser settlement of 15% for another 20 years reduces silver eel production to 16% of its initial level (Figure 9b ). Both settlement scenarios show rapid decreases in production of male silver eels over the first 5 years, presumably as the older eels from the 1983 base population, which was dominated by males, mature and leave the basin. Male production then increases under both scenarios, returning to a stable, though lower, level than that predicted for 1984 in the fixed settlement scenario, but decreasing again after 12 years in the declining settlement scenario to stabilize at a very low level commensurate with the low annual settlement and resultant low densities of undifferentiated eels. Female production increases over the first 20 years in both scenarios, but thereafter stabilizes under the fixed settlement regime, and decreases again in the minimum quantity settlement scenario. Despite the 100-fold difference in the range of male silver eel production under the two scenarios, female production in both cases only ranges fourfold from $5000 to 20 000, showing how important it is to have a good understanding of the relationship between population size and female population size (i.e. density-dependence). If the relationship we use is close to reality, the results would suggest that the decline in recruitment might not make a big difference in the size of the female population, but that it can seriously reduce the size of the male population. In such a case, there might be a need to protect specific groups of eels, e.g. to protect emigrating male silver eels by an appropriate minimum landing size, or to protect males and females by slot limits.
Stocking 500 000 small elvers annually into reach 2 from years 41 to 60 of the low-settlement scenario would increase by more than five times the density of undifferentiated eels in this reach. As there were almost no undifferentiated eels in reach 4 at this low level of settlement, a similar stocking exercise would increase their density by a factor of 10 000. Some 20 years of stocking in either reach would increase silver eel output by $2900-3300 eels, 89 -97% of which would be females. Employing these stocking regimes in the high-settlement scenario resulted in similar increases in silver eel output, but the additional silver eels resulting from stocking into reach 2 were predominantly male, reflecting the relatively high density of undifferentiated eels in the recipient population of that reach.
The contribution of stocked eels relative to the 9 million elvers at the beginning of the time-series is similar to the increased silver eel output as a proportion of maximum output, which demonstrates the direct, if time-delayed, link between settlement and silver eel output in this parameterization of the SMEP.
Discussion
Although both the RCM and SMEP modelling approaches require further development, the results here illustrate their potential application to inform various aspects of the development of EMPs. As noted earlier, the EMP process will require an assessment of present and future silver eel production against a management target set at 40% of the biomass of silver eel production expected from natural eel habitat in the basin in the absence of anthropogenic impact.
The RCM does not provide estimates of the target or presentday levels of silver eel production, but it does provide a surrogate assessment of yellow eel production across the basin as a proportion of a historical, reference level of production derived from other selected rivers. If one assumes a linear relationship between yellow eel and silver eel production, one can use the RCM to derive at least a reasonably realistic and pragmatic quantitative assessment of relative production. The example illustrated here suggests that the silver eel output from the Severn basin may be just meeting the 40% escapement target, but this assumes that Figure 9 . SMEP simulations of the production of silver eels from a baseline yellow eel population similar to that in tributaries of the lower Severn in 1983, projected forwards in time with either (a) stable annual elver settlement (9 million), and (b) an 85% decline in elver settlement over 20 years followed by another 20 years at a minimum level of settlement.
Applying models of eel production and escapement to the River Severn relative production measured in terms of density (for the RCM) is equivalent to relative production measured in terms of biomass, which will be required for the ERP.
Of course, both the procedure and the RCM model rely on a number of assumptions that have yet to be tested thoroughly. For example, the lack of recent yellow eel survey data throughout the length of the Severn basin means that the RCM assessment can only be applied using survey data from the early 1980s. This approach may be justified if, as several have suggested, the yellow eel population throughout the Severn basin has not changed significantly during the past two decades. Certainly, this assumption appears valid for the yellow eel populations in the lower tributaries (i.e. reaches 1 -3 in Figure 4 ) based on comparisons of population size and structure (Aprahamian, 1986 (Aprahamian, , 1988 Knights et al., 2001; Bark et al., 2007) , but these are areas closest to the estuary, and would be the last to show the effects of declining recruitment. The lack of recent data from previously surveyed sites in the middle and upper basin (reaches 4 and 5 in Figure 4 ) preclude an acceptance of this assumption for the eel population as a whole. On the other hand, water quality has improved across many UK river basins in the past 20 years, so the Severn basin today may provide more potentially productive eel habitat and fewer water-quality-based impacts on production than were present in the early 1980s.
The model is based on a very limited dataset of rivers, mainly from southwest England, which are relatively short and rise steeply up to low-productivity moorlands. For example, the eel density -gradient relationship is heavily influenced by one river, the Plym (g = 0.021; b = 0.241 km
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). More data are required from a variety of river types covering a wider geographical area, especially east coast lowland systems with relatively low recruitment and those with on-line lakes. It is also important to examine a wider suite of explanatory variables, particularly other catchment and water quality variables. Further, it is not possible with the RCM approach to identify whether any shortfall in escapement relative to the management target relates to specific impacting factors, or to combinations of factors. The current RCM application does not take into account the loss of habitat in the UK during the second half of the 20th century when, for example, the area of potentially productive eel habitat in the Severn basin was considered to have declined, particularly in the lower reaches. Such deterioration will have had a concomitant impact on escapement. These limitations will be addressed during further development of the RCM.
Although some other eel production models have been developed (see review by De Leo et al., in press , and some of the papers included in this volume), only GlobAng (Lambert and Rochard, 2007) and the SMEP have attempted to incorporate the full range of biological processes that govern the continental phase of eel production, including the effects of densitydependence, within a spatial modelling framework that can be applied to basins split into a number of different reaches. GlobAng is an age-based model, whereas the SMEP simulates both age-and length-based processes, providing a more flexible modelling framework which can describe possible influences of growth rates on eel dynamics (e.g. movements, maturation) (Davey and Jellyman, 2005) , and the relationships between fish length and their propensity to disperse throughout the basin and the onset of maturation (Vøllestad, 1992; Svedang et al., 1996) .
The SMEP has the potential to provide a comprehensive tool for managers to use in the development and implementation of EMPs. Given an appropriate set of parameters to describe the production of eels in a specific river basin, and an accurate description of the eel-producing habitat, the SMEP approach should provide an estimate of the target silver eel escapement. Note that here we assume no post-maturation mortality of silver eels and therefore that production is synonymous with escapement. Moreover, an appropriate description of the size and structure of the yellow eel population in one or more recent years, or during a previous period with an associated knowledge of trends in recruitment from then to today, should allow an estimate to be generated for silver eel production and hence an assessment of compliance with the management target, plus an assessment of the likely impact or benefit of various management options.
In using the SMEP, we chose to apply a complex length-and age-based model in an attempt to capture all processes involved in the production of eels during the continental phase of the life cycle. However, the price for using such a realistic but complex modelling framework is that, given our limited understanding of some key eel production processes and limited data describing populations of eels in UK rivers, the SMEP relies on a number of assumptions about eel production processes, the consequence of which is that the model results have to be considered with an associated level of uncertainty and caution. Therefore, we stress that the results presented cannot be read as a definitive assessment but, rather, that they illustrate the benefits and the complexities of the approach, and the types of knowledge and data required in its application for management purposes.
As already noted, density-dependence may influence a number of the processes controlling eel production. Our sensitivity analysis showed that the influence of density-dependence on mortality in the current parameterization of the SMEP was limited to the undifferentiated yellow eel stage. Effectively, this meant that production of yellow and silver eels was not limited (Figure 6 ) and, therefore, an assessment of the potential production of silver eel for a management target would be limited only by recruitment. To make this a realistic approach would require prior knowledge of the maximum level of recruitment. Setting a carrying capacity to limit production may be a more pragmatic approach in light of our limited understanding of glass eel recruitment and elver settlement in UK eel populations. Lambert and Rochard (2007) adopted this approach for GlobAng, limiting carrying capacity on a purely hypothetical basin to a biomass per reach equivalent to 200 eels of age 13 years.
The SMEP results presented here support those of GlobAng (Lambert and Rochard, 2007) in highlighting the importance of accounting for the effects of density-dependent influences on sex differentiation in models of silver eel production, at least with respect to management targets set for EMPs. Although the silver eel production predicted by the SMEP remained similar at all levels of saturation (Figure 7) , the substantial changes in absolute and relative numbers of male and female silver eels produced from a fixed input of elvers under varying saturation biomass levels highlights the importance of both this process and parameter choice in the present simulations. The present target for EMPs is to be measured as the biomass of total silver eel escapement. Given the concept that male eels typically mature and emigrate at smaller size and younger age than females (Tesch, 2003) , low saturation levels that produce relatively high proportions of male eels for a fixed input of elvers will result in a smaller annual biomass of silver eels than higher saturation levels that produce a greater proportion of larger, older female silver eels. However, it seems that the male-dominated population would respond faster, in terms of silver eel production, to any increase in the input of elvers. This may be important in terms of the management target for any EMP, because this also has a time limit, although it has yet to be defined. This dynamic between the sex ratio of silver eels and total biomass production will need to be carefully considered by those tasked with increasing silver eel production in basins that are currently not meeting their EMP target. Monitoring schemes to collect the data necessary to assess compliance or at least the increase in silver eel production towards the target should include an assessment of sex ratio among eel populations. However, this by itself could cause concerns, because there is no non-lethal procedure for determining the sex of eels. This is another area of general eel research where improvements could be very helpful.
In addition to incorporating the potential effects of densitydependence on the propensity of eels to move from one reach to the next, the SMEP incorporates the propensity of yellow eels to migrate upstream through a basin, even at low levels of recruitment where migration is not influenced by density-dependence (Ibbotson et al., 2002; Feunteun et al., 2003) . However, only limited dispersal of yellow eels over an extended time-frame (50 years) was achieved at all but the highest levels of elver input (Figure 8) . Therefore, more work is needed to understand better the factors that might trigger movement, and to find ways to describe them quantitatively. A realistic migration function will be important in assessing the benefits of management measures that increase the input of eels to the lower parts of the basin.
Spatial models such as the SMEP provide a facility to moderate production based not only on the productive area, but also on the productive potential of different types of habitat. Ultimately, this should allow a user to transport a model derived from a data-rich basin to another basin with limited information on the eel population, but an appropriate description of the habitat available to eels. This approach has been applied in management of some Atlantic salmon stocks (Wyatt and Barnard, 1997) , and has been recognized as one of the potential methods for setting targets in the ERP. The SMEP model application reported here is based on a simplified description of part of the Severn basin. A full assessment of eel production in the Severn basin will require appropriate quantification of the productive catchment and the locations and impacts of both physical barriers and poor habitat and water quality. The reaches were defined according to an arbitrary classification of habitat types, and on the availability of eel population data from surveys. Alternatively, reaches can be defined according to significant changes in the yellow eel population, such as zones dominated by different length classes (E. Feunteun, pers. comm.), or perhaps related to some measure of eel abundance. The latter option might be especially applicable to basins where the distribution of eels is limited by barriers.
Sampling in the Severn was confined to sites where electrofishing could be used effectively (i.e. mainly shallow tributary sites), so the description of eel populations derived from these data may not be representative of the eel populations in the wider river sections that contribute significantly to the productive area of the lower four reaches. The study of eel populations in deep habitats has been limited to date, but this is recognized as an area that requires immediate attention. Moreover, data were available from fewer than five surveys per tributary, and it is unlikely that these adequately represented the eel population throughout the tributaries, some of which were more than 20 km long. Knights et al. (2001) suggested a minimum of 20 survey sites throughout a basin as necessary to provide statistically robust data with which to assess trends in eel production.
Stocking elvers has been identified in the Eel Recovery Regulation as one of several potential methods available to increase silver eel production in non-complying basins. The simulations conducted here illustrate the potential use of the SMEP approach to assessing the benefits of stocking per se, and the effects of varying the numbers and size of stocked eels and the recipient areas of the basin. However, this application is hindered at present by our limited understanding of the processes involved in eel production, and in the relative cost and benefits in terms of relative mortalities in the donor and recipient eel populations associated with stocking. Clearly, the impetus for a quantitative understanding of eel life history has never been stronger.
